INTRODUCTION
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Anaerobic methane oxidation · Geomicrobiology · Subsurface microbiology · Sulfatemethane transition zone et al. 2000) . A near 1:1 stoichiometry of upward methane and downward sulfate fluxes in the SMTZ (Niewöhner et al. 1998) , matched by measured rates of sulfate reduction (Fossing et al. 2000) , suggested that the anaerobic oxidation of methane was coupled to the reduction of sulfate. Consortia of sulfate-reducing bacteria (SRB) and Archaea related to methanogens acting in reverse may potentially mediate this process (Hoehler et al. 1994 , Hinrichs et al. 1999 . The involvement of Archaea in anaerobic oxidation of methane (AOM) has been demonstrated in a range of field samples -principally from methane seep sites -based on 13 C-depleted archaeal lipid biomarkers by newly discovered groups of Archaea (Hinrichs et al. 1999 , Boetius et al. 2000 , Pancost et al. 2000 and there is direct experimental evidence that SRB and Archaea form consortia that oxidize methane anaerobically (Nauhaus et al. 2002) . Close associations of SRB-related Bacteria and methanogen-related Archaea have been observed by fluorescent in situ hybridization (FISH), and a number of groups of anaerobic methane-oxidizing Archaea (so-called ANME groups) have been defined, with varying sulfatereducing partners and morphologies (Boetius et al. 2000 , Orphan et al. 2002 , Knittel et al. 2005 . Analysis of 13 C-signatures by secondary ion mass spectrometry of single cells identified by FISH has confirmed that ANME Archaea are methanotrophs (Orphan et al. 2002) . The SRB partner in methanotrophic Archaea/ SRB consortia was suggested to be essential in order to keep H 2 partial pressure at a minimum in order to make sulfate-dependent oxidation of methane according to the reverse methanogenesis model energetically favorable (Hoehler et al. 1994) . Using sediments from methane hydrate bearing sediments containing ANME/SRB consortia, Nauhaus et al. (2002) (Moran et al. 2008) . ANME Archaea are widely distributed in marine sediments including cold seeps, hydrothermally active sediments, sediments bearing methane hydrate, mud volcanoes, or sediments otherwise affected by methane-driven gas or fluid flow (Thomsen et al. 2001 , Orphan et al. 2002 , Teske et al. 2002 , Inagaki et al. 2003 , Knittel et al. 2005 , Stadnitskaia et al. 2005 , Treude et al. 2005a , Parkes et al. 2007 ). However, ANME Archea have not always appeared in typical continental margin sedimentary regimes where the SMTZ is regulated by the burial of detrital organic carbon. A number of studies have targeted the sediments obtained during Ocean Drilling Program (ODP) Leg 201 from the Peru Margin (Jørgensen et al. 2006) . Biddle et al. (2006) showed that heterotrophic Archaea belonging to the Marine Benthic Group B (MBG-B) and the Miscellaneous Crenarchaeal Group (MCG), instead of the known methanotrophic Archaea, are dominating the SMTZs of subsurface sediments off Peru. Parkes et al. (2005) and Sørensen & Teske (2006) also do not report the presence of ANME-related microbes within the SMTZ at neighboring sites. MCG Archaea dominate 16S rRNA gene libraries in both studies.
In spite of the enormous extent of sedimentary subseafloor habitats that are dominated by diffusive transport, especially along continental margins, studies of microbial diversity within these systems remain underrepresented. Many of the key studies have focused on ODP sites from the Peru Margin. Other sedimentary sites have been strongly affected by enhanced gas fluxes from large reservoirs of shallow gas such as in the Skagerrak (Parkes et al. 2007 ) and Eckenförder Bay (Treude et al. 2005b systems such as Aarhus Bay (Thomsen et al. 2001) . Continental margin sediments associated with the Benguela Upwelling represent one of the major organic carbon burial centers in the global ocean, whose microbial diversity has been little studied. Furthermore, Stn GeoB3703 represents a site where heterotrophic degradation of organic carbon compounds dominates the overall carbon flow. Methanotrophic sulfate reduction (i.e. sulfate reduction associated with AOM) represents only 6% of the total areal sulfate reduction at this site (Fossing et al. 2000) .
The aim of the present study was to characterize the microbial communities of sediments from the Benguela Upwelling System by molecular biological methods and to identify dominant microbial populations in deep subsurface sediment layers. Samples for molecular analysis of sub-surface microbial communities were taken in relation to dominant biogeochemical zones as defined by the distributions of sulfate and methane ( Fig. 1 ). The issues of foremost interest were the distributions of SRB in the surface layer, as well as the composition of the microbial community at the SMTZ, and into the methanogenic zone. Our study contributes to the debate on subsurface microbiology by identifying the Bacteria and Archaea that are present in different sediment layers, including the SMTZ, of a sediment dominated by heterotrophic carbon mineralization.
MATERIALS AND METHODS
Sediment sampling and DNA extraction. The analyses concentrated on sediment samples from the continental slope off Namibia during research cruise M34-2 with RV 'Meteor' in 1996. A 9 m long sediment gravity core was obtained from Stn GeoB3703 (25°31.0' S, 13°14.0' E; 1372 m water depth). The core was immediately sectioned into 1 m long sub-sections and brought into a 4°C thermostated laboratory for subsampling (see Fossing et al. 2000 , for details on subsampling). Sub-samples for molecular biological analysis were immediately frozen at -20°C, then stored at -80°C, and analyzed within 6 months after collection. DNA was obtained from about 5 g of sediment following the protocol of Zhou et al. (1996) . PCR, DGGE, DNA sequencing and Southern blotting and hybridization. Primers 341F-GC and 907RC were used to amplify bacterial 16S rRNA gene fragments that were suited for DGGE analysis in polyacrylamide gels containing a linear gradient from 20 to 70% denaturants as described previously (Schäfer et al. 2000) . Bovine serum albumin (BSA; 3 µg µl -1 final concentration) was used in all PCR reactions to alleviate inhibition of Taq polymerase by humic substances that were co-extracted with nucleic acids from the sediments. Individual DGGE bands were excised, re-amplified, and sequenced as described previously (Schäfer & Muyzer 2001) . DGGE banding patterns were transferred to nylon membranes (Hybond+, Amersham) as described by Muyzer et al. (1998) , and hybridized with 32 P-labeled oligonucleotide probes specific for SRB (Devereux et al. 1992 ) as described by Santegoeds et al. (1998) . For the analysis of the archaeal community composition 16S rRNA gene fragments were amplified using primers 344F and 915R as described by Casamayor et al. (2000) , but without the GC-clamp. These PCR products were cloned into vector pGEM-T easy (Promega) and sequenced as described previously (Schäfer et al. 2000 , Schäfer & Muyzer 2001 . Sequences obtained in the present study have been deposited in the EMBL database under accession numbers AJ305054 to AJ305084.
Comparative sequence analysis. Comparative sequence analysis was performed using ARB (Ludwig et al. 2004 ). Trees were calculated using the AxML option in ARB (maximum likelihood) using 16S rRNA gene alignment columns corresponding to Escherichia coli positions 424 and 873 for Bacteria, and positions 376 and 902 for Archaea. The general topology of trees calculated using distance or parsimony criteria was similar (results not shown).
RESULTS AND DISCUSSION

DGGE analysis of bacterial diversity
DGGE analysis of bacterial 16S rRNA gene fragments revealed different but reproducible genetic fingerprints for samples from different depths of the sediment (Fig. 2) . The overall patterns demonstrated striking differences between samples located above or below the SMTZ, and from the SMTZ itself. Numbers of detected bands in DGGE patterns suggested that genetic richness was higher towards the surface (patterns of Samples 82 and 64 contained 19 and 20 bands, respectively), lowest at the SMTZ (3 bands for Sample 63), and intermediate in the methane zone (8 and 10 bands for Samples 38 and 35, respectively). Although the number of DGGE bands most likely underestimates the true diversity of these samples, the higher richness of dominant populations in the upper regions of the sediment is likely to reflect a greater number of available niches in the sediment (e.g. diversity of electron donors or higher temporal variability than at greater depths). All of the bacterial 16S rRNA gene sequences determined in this study were related to sequences that were retrieved from other marine sediments, including methane hydrate sites or hydrocarbon seeps, or from bacterial strains isolated from marine sediments (Fig. 3) .
The distribution of identified community members is summarized in Table 1 . DGGE bands 38-1, 63-1 and 43-2 represented populations that were detected in all sediment horizons analyzed. These populations were also closely related to populations detected at the Nankai Trough (Kormas et al. 2003) , in Mediterranean mud volcanoes (GenBank accession no. AY592406) and hydrate bearing sediments at the Cascadia Margin (Inagaki et al. 2006b ). Distribution of these closely related populations throughout the sediment, i.e. above, at and below the SMTZ, could indicate that these populations shared similar physiologies or that they are physiologically versatile and not dependent on specific electron acceptors for anaerobic respiration and have a fermentative lifestyle.
Closely related populations represented by DGGE bands 38-2, 38-3 and 38-4 appeared to be confined to depths below the SMTZ; the sequences were affiliated to members of the Chloroflexi. Related sequences were also from deep subsurface sediments, e. Fig. 3 . Phylogenetic affiliation of bacterial 16S rRNA gene fragments obtained from excised DGGE bands. Sequences determined in this study are labeled as uncultured bacterium followed by the number of the DGGE band as indicated in Fig. 2 (e.g. uncultured bacterium 38-1), and printed in bold. The sequence of Thermus thermophilus (L09659) was used as an outgroup, but 'pruned' from the tree. Scale bar = 10% estimated sequence divergence Napoli mud volcano (GenBank accession no. AY592788) and methane seep marine sediments (Inagaki et al. 2004 ). The similarity of the 2 samples from the methane zone below the SMTZ might indicate the existence of stable conditions (i.e. low diversity of electron acceptors and probably highly refractory carbon sources except for CH 4 ). Relatives of SRB were detected by sequencing and by hybridization analysis of DGGE patterns with radiolabeled oligonucleotide probes specific for members of different SRB groups (result not shown) in Samples 82 and 63. Sulfate reduction rates in the surface sediment layers represented by Sample 82 were relatively high for such a water depth (up to 16 nmol S cm -3 d -1
), but consistent for the high rates of organic carbon deposition characteristic of the Benguela Upwelling (Ferdelman et al. 1999) . In this sample, a dominant DGGE band was identified as a population related to Desulfobacterium by hybridization with oligonucleotide probe 804 (specific for members of the genera Desulfobacter, Desulfobacterium, and Desulfosarcina variabilis, Desulfococcus multivorans, and Desulfobotulus sapovorans, see Devereux et al. 1992) . The predominant DGGE band 43-4 (which was obtained from another core), however, had 2 mismatches to the probe sequence. Sequences closely related to this candidate SRB population were detected in Antarctic shelf sediments (Bowman et al. 2003) , deep marine sediments of the Pacific (GenBank accession no. AY588962), sediments from a liquid CO 2 lake at the Yonaguni Knoll IV hydrothermal vent field (Inagaki et al. 2006a ) and in sediments above gas hydrates (Knittel et al. 2003) . The corresponding DGGE band in Sample 82, which did not yield unambiguous sequence data, may therefore have been a mixture of 2 or more phylotypes, one of which was probably a complete oxidizing SRB population. Interestingly, SRB populations were not observed below the SMTZ, although there have been reports of SRB populations in the sulfidic, but sulfate-depleted, sediments of the Black Sea (Leloup et al. 2007 ).
Compared to the more complex DGGE fingerprints found for all other samples, the DGGE patterns for the SMTZ showed a strikingly low number of bands, further highlighting this sediment horizon as a unique zone in this sediment core. The low richness most likely reflected the presence of a specialized microbial community at the SMTZ, potentially involved in AOM, a dominant process in this zone of the sediment. One of the DGGE-defined populations at the SMTZ (DGGE band 63-2) was closely related to a population retrieved from deep sea mud volcanoes in the Black Sea, where biomarker evidence indicated the occurrence of anaerobic methane oxidation (Stadnitskaia et al. 2005 ).
Diversity of Archaea at the SMTZ
Biogeochemical observations in the investigated sediment core clearly indicated that AOM coupled to reduction of sulfate occurs in the SMTZ at Stn GeoB3703 (Niewöhner et al. 1998 , Fossing et al. 2000 . In marine sediments with shallow SMTZs and AOM activity, ANME Archaea and SRB have been detected by PCR-based methods (Thomsen et al. 2001 , Parkes et al. 2007 ) and by FISH (Treude et al. 2005b) . However, recent studies suggest that this may not be the case at SMTZ in deep sediments. Sørensen & Teske (2006) found archaeal groups distinct from ANME groups to be dominant at the deep SMTZ of sediments of the Peru continental margin and showed members of a crenarchaeal clade and of MBG-B to have a higher activity at the SMTZ than at other depths. This result was consistent with the results of Biddle et al. (2006), whose additional isotopic analyses suggest that CH 4 might be an energy source rather than a carbon source for these Crenarchaea. Inagaki et al. (2006b) analyzed deep methane hydrate-bearing sediments from the Pacific. While they were successful in detecting SRB of the Desulfosarcina/Desulfococcus group at the SMTZ of 3 different sites, ANME-related Archaea were only detected at low abundance at one of these SMTZ.
Although it was not ruled out that ANME populations might have remained undetected due to patchy distribution or low numbers, it was suggested that ANME may have been absent from these sediments and that other unidentified phylotypes might be responsible for anaerobic oxidation of methane. The SMTZ may be a narrow zone in the sediment and thus might not be fully represented by our sample. However, the studies of Thomsen et al. (2001) and Parkes et al. (2007) have demonstrated that sediment layers surrounding the SMTZ in sediment cores may contain ANME Archaea that can be detected by PCR. We therefore analyzed the archaeal component of the microbial community at the SMTZ of the Beguela Upwelling System by cloning and sequencing of 16S rRNA encoding gene fragments in order to identify candidate populations that might be partners of the detected SRB. Fig. 4 shows the affiliation of 16S rRNA sequences obtained from randomly chosen clones. The sequences belonged to 4 different phylogenetic lineages, including 1 crenarchaeal and 3 euryarchaeal lineages related to populations detected in a variety of marine sediments including methane hydrate-bearing sediments and mud volcanoes (e.g. Thomsen et al. 2001 , Knittel et al. 2005 , Inagaki et al. 2006a , Sørensen & Teske 2006 . Based on our clone library data, the dominant Archaea that were detected at the SMTZ belonged to the euryarchaeal Marine Benthic Group D (MBG-D) and a crenarchaeal lineage affiliated with the Marine Benthic Group C (MBG-C). Other sequences were related to 2 euryarchaeal groups that included sequences retrieved from (1) South African gold mines and various other marine and terrestrial samples, and (2) Antarctic marine and estuarine sediments. Members of the latter group had also been detected at the SMTZ of the methane hydrate-free, but organic-rich, Site 1227 at the Peru continental margin (Inagaki et al. 2006b ), which could be considered as similar to the sediments of the Benguela Upwelling System.
None of the euryarchaeal sequences in this study was closely related to cultured methanogens or currently recognized ANME clades, similar to the observations from other sediments with deep SMTZ (Parkes et al. 2005 , Biddle et al. 2006 , Inagaki et al. 2006b , Sørensen & Teske 2006 ). In the study by Sørensen & Teske (2006) , reverse transcription-PCR of 16S rRNA extracted from several horizons of a deep marine sediment showed that members of the MBG-B and MCG were more active at the SMTZ of Peru continental margin sediments than at other depths of the sediment, suggesting that these populations benefited directly or indirectly from anaerobic methane oxidation. Assuming that the archaeal component of a possible SRB-Archaea consortium present was not missed by our analyses, Archaea other than ANME groups may be involved in AOM and use different strategies as suggested by Biddle et al. (2006) .
SUMMARY
Cultivation-independent analysis of samples from the sulfate-reducing, SMTZ, and methanogenic layers of the sediment at Stn GeoB3703 of the Benguela Upwelling System in Namibia showed the presence of SRB in the SMTZ and in the upper layers of the sediment, in line with high sulfate reduction rates that were measured in the upper horizons of the sediment. SRB were not detected below the SMTZ, as might be expected due to depletion of sulfate at this depth. These sulfate-depleted depths were characterized by Chloroflexi bacterial phylotypes. Their presence seems to be a common feature of many deep subseafloor sediments (Jørgensen et al. 2006) .
None of the recognized groups of anaerobic methane oxidizing Archaea was detected at the SMTZ. This finding was similar to observations from other marine sediments where the depth of the SMTZ is driven by the burial and diagenesis of photosynthetically derived organic matter, rather than methane seepage or flow. It further supports the suggestion that the ability to oxidize methane anaerobically may be more widespread and not necessarily limited to relatives of Methanosarcinales and the ANME groups (Biddle et al. 2006 ). Ecological and/or physiological differences may be crucial for understanding how anaerobic methane oxidizers could be present in these different sediment types; on the one hand, methane seeps and gas hydrate-containing sediments with high methane uncultured archaeon clone OHKA1.30 (AB094526)fluxes and turnover rates, and on the other hand, pelagic sediments with lower sulfate-reduction rates and low fluxes of methane. Moreover, AOM is simply not the major organic carbon oxidation process in diffusive sedimentary environments such as in the Benguela Upwelling System; therefore, the microbial communities associated with the mineralization of macro-molecular communities are more likely to dominate the patterns of diversity
